Abstract. The quantum mechanical effects resulted from the inclusion of nanostructures, represented by quantum wells and quantum dots, in the i-layer of an intermediate band solar cell will be analyzed. We will discuss the role of these specific nanostructures in the increasing of the solar cells efficiency. InAs quantum wells being placed in the i-layer of a gallium arsenide (GaAs) p-i-n cell, we will analyze the quantum confined regions and determine the properties of the eigenstates located therein. Also, we simulate the electroluminescence that occurs due to the nanostructured regions.
Introduction
In the last few years, solar energy has become a field of great interest, as the need for alternative energy systems have become increasingly important. Some current research efforts are focused on improving photovoltaic conversion efficiency by using low-dimensional nanostructures. More specific to this work, incorporating nanostructures like quantum dots in an otherwise conventional III-V PV device has been proposed as a viable method for increasing the conversion efficiency [1] .
A nanostructure can be considered as a structure with at least one spatial dimension small enough for the quantum confinement effects to become significant. The quantum well can be thought as a classic example of a nanostructure [2] . In this example, the material is enclosed in one spatial dimension while the other two dimensions are bulk-sized. One way to achieve such a structure is to grow a thin film of a semiconductor material in-between two other bulk-sized semiconductors. This structure is shown in Figure 1 , where the bulk regions are made of the same material, which is different from the quantum well material. In addition, the quantum well material should display a smaller bandgap than the bulk material; the associated energy band diagram is presented in Figure 2 .
Another well-known low-dimensional nanostructure is the quantum dot. Unlike quantum well, the quantum dot can be seen as a zero-dimensional structure. The excitons are confined in all three spatial dimensions, thus leading to optical and electrical properties that prove useful in biomedical imaging, as well as the possibility for use in electronic devices and solar energy systems. A single quantum dot placed within a bulk material would exhibit a similar band diagram as in Figure 2 [3] .
The quantum well PV cells were first proposed in 1990 by the research group of professor Keith Barnham [4] , based on the idea that the use of the quantum wells could improve the photovoltaic cells by extending their spectral response, as well as by increasing the photocurrent. One year later, this idea was experimentally proved by using a GaAs/Al x Ga 1-x As multi-layered structure [5] .
The objective of this paper is to offer a few modeling solutions necessary for the analysis and efficiency improvement of the next generation of PV devices, by studying the quantum mechanical effects involved.
Materials and method

Materials
Gallium arsenide (GaAs) is an important semiconductor material for high-cost, high-efficiency solar cells. It is used for single-crystalline thin film solar cells and also for multi-junction solar cells. GaAs-based devices hold the world record for the highest-efficiency single-junction solar cell at 28.8% [6] . This high efficiency is attributed to the extreme high quality GaAs epitaxial growth and the promotion of photon recycling by the thin film design [7] .
The quantum well solar cell is a p-i-n structure, which contains quantum wells built in the intrinsic [8] . The device discussed in this work is a simple GaAs p-i-n solar cell as shown in Figure 3 .
Method
The proposed method to increase the efficiency of the device is the incorporation of a nanostructured array in the i-layer. These nanostructures may be quantum wells or quantum dots. A nanostructured array of a material with a smaller bandgap than the host material (that would be GaAs in our case) would allow for additional absorption and photogeneration by light of sub-host-bandgap energy.
Silvaco ATLAS is a 2D and 3D device simulator that performs DC, AC, and transient analysis for silicon, binary, ternary, and quaternary material-based devices. ATLAS enables the characterization and optimization of semiconductor devices for a wide range of technologies. Device simulation helps the user to understand and depict the physical processes in a device and also to make reliable predictions of the behavior of the next device generation [9] .
Our case study assumes the simulation of an InAs quantum dot GaAs solar cell [3, 10] . In this device, an InAs quantum dot array is placed in the i-layer of a GaAs p-i-n cell. The material parameters are presented in Table 1 . Unfortunately, ATLAS cannot be used to simulate quantum dots specifically; however, it can be used to simulate quantum wells. Therefore, as an approximation for quantum dots, InAs quantum wells were placed in the ilayer of the experimental device.
Results and discussions
The code we used for our simulation consists of two ATLAS decks. These decks individually simulate the quantum mechanical effects that are produced due to the inclusion of a nanostructure in a single-junction solar cell: -first deck is used for analysis of the quantum confined regions and also to determine the properties of the eigenstates located there; -second deck simulates the electroluminescence occurring due to the nanostructured regions.
Property analysis of the eigenstates
In our case study, an array of 6 nm InAs quantum wells with 7-nm barrier spacing was placed symmetrically in the ilayer of the p-i-n device. Along with the band diagram of this region, in Figure 4 are displayed the energy eigenvalues arising due to quantization in the wells; accordingly, one electron eigenstate is realized in the conduction band while in the valence band occur five heavy hole eigenstates and one light hole eigenstate. The corresponding eigenfunctions Table 1 . Material parameters for semiconductors used in this work.
GaAs are plotted in Figure 5 (single conduction electron state), Figure 6 (single light hole state) and Figure 7 (each of the five heavy hole states).
Simulation of the electroluminescence
A standard method for characterizing the quantum dots is to analyze their luminescent emissions. Based on the spontaneous emission model, Figures 8 and 9 display the electroluminescence of the p-i-n device due to varying thicknesses of the InAs wells. The literature indicates an electroluminescence of ∼1050 nm for 6 nm quantum dots [11] . In this paper, we have presented a few modeling solutions necessary for the analysis of the next generation of PV devices. We have shown that Silvaco ATLAS device simulator is able to simulate basic solar cell performance. A nanostructured solar cell was simulated relying upon the single junction model. A quantum well model (specifically InAs quantum wells being placed in the space charge region of the GaAs device model) was invoked as an approximation to the InAs quantum dot devices currently being investigated. This was a justified approach, as useful results were obtained and presented. Specifically, the properties of the eigenstates that arise due to quantum confinement were obtained giving rise to recommendations on the design of the nanostructured array. Unfortunately, a quantum mechanical model of photoabsorption does not exist in the software package; however, a model of spontaneous emission is present. This made possible the utilization of electroluminescence arising from the quantum confined layers as another possible tool for characterizing the quantum dots. 
